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Figure 1. Tau-Binding Properties of Monomeric Subunits and Multimeric Forms of PP2A
Purified AB␣C, AB␤C, ABЈC, AC-small t (AC/ St), AC, A, B␣, and C were incubated for 15 min on ice with (lanes marked plus) or without (lanes marked minus) 300 nM purified bovine brain tau. The samples were analyzed by nondenaturating gel electrophoresis and Western blotting with either anti-C, anti-B␣, anti-A, or Tau-1 antibodies. Binding was performed with 255 nM AB␣C, 256 nM AB␤C, 482 nM ABЈC, or 400 nM AC/St. No binding was observed with lower concentrations of ABЈC or higher concentrations of AC/St. Tau was also incubated with the dimeric form of PP2A present at 400 nM (AC) or 800 nM (ACex) and with free A (800 nM), B␣ (738 nM), or C (1.84 M) subunits. Thick arrows indicate the presence of PP2A-tau complexes. Dissociated AC dimer is indicated by open arrows in panels AB␣C, AB␤C, and AC/St. AC dimers did not dissociate from ABЈC because of the higher affinity of BЈ for AC. Similar results were obtained in four separate experiments.
However, when tau was incubated with an excess of instead of PKA. The ability to dephosphorylate tau was closely correlated with the ability of the different iso-AC (ACex), a small amount of a shifted band corresponding to an AC-tau complex could be detected. In contrast, forms to bind to tau. These observations, along with the results shown in Figure 1 , indicate that the B␣ or B␤ none of the individual subunits of PP2A interacted to any detectable extent with tau, even when present in regulatory subunits promote efficient enzymological and structural interactions between PP2A and tau. excess. These results indicate that the minimal structure required for binding of PP2A to tau is the AC complex and that higher affinity binding occurs with the heteroInhibition of PP2A Activity Induces Phosphorylation of Tau at PHF-Associated Epitopes trimer containing the B␣ subunit. Thus, regulatory subunits play an important role in specifying interaction of To address the role of PP2A in controlling tau phosphorylation in a cellular environment, we suppressed PP2A PP2A with tau.
To determine whether different regulatory subunits activity by overexpressing small t in cultured cells. Small t displaces the endogenous B␣ subunit of PP2A when specifically target PP2A to tau, we tested the abilities of the B␤ subunit, the BЈ subunit, and small t to promote expressed at high levels in CV-1 cells, resulting in inhibition of PP2A activity (Sontag et al., 1993) . CV-1 cells binding of PP2A to tau. The AB␤C holoenzyme bound to tau as efficiently as AB␣C, as judged by the disappearance of the AB␤C band and formation of the corresponding AB␤C-tau complex. In contrast, the ABЈC holoenzyme was only partially shifted to the ABЈC-tau complex, and only at higher PP2A concentrations. The AC-small t complex was not able to associate with tau in these assays. Similar results were obtained when binding was carried out using recombinant heterotrimers or PP2A purified from bovine cardiac muscle or brain.
Tau Dephosphorylation Correlates with PP2A Binding PP2A dephosphosphorylates tau phosphorylated in vitro by several protein kinases including protein kinase A (PKA) and MAP kinase (Goedert et al., 1995c) . Based were cotransfected with expression plasmids encoding antibody (Biernat et al., 1992; Goedert et al., 1995b) , was observed in cells expressing small t. A similar small human adult tau and small t. The distribution and phosphorylation status of tau were determined 48 hr t-induced increase in tau immunoreactivity was observed with antibody PHF-1, which recognizes an epiafter transfection by immunofluorescence using antitau monoclonal antibodies directed against individual tope containing the phosphorylated forms of Ser-396 and Ser-404 (Greenberg et al., 1992) . phosphorylation sites (Figure 3 ). Although only results with CV-1 cells are presented here, similar data were Phosphorylation of individual sites on tau was verified by Western blot analysis ( Figure 4A ). Expressed tau was obtained with NIH 3T3 fibroblasts and human NT2 neuronal precursor cells.
detected as multiple bands resulting from differential phosphorylation, as reported previously (Lee and Rook, When expressed by itself, tau associated with endogenous microtubules and caused microtubule bundling, 1992). The phosphorylation-dependent antibodies AT-8, PHF-1, and T3P reacted strongly with tau isolated from as observed previously (Lee and Rook, 1992) . Microtubule bundles were detected with either anti-tubulin or small t-expressing cells, but not from control cells. These differences in immunoreactivity did not result anti-tau antibodies. Double labeling experiments confirmed that the AB␣C heterotrimer colocalized with from discrepancies in the level of tau expression, since immunoblotting with the phosphorylation-independent transfected tau on the microtubule bundles (data not shown). Immunofluorescence with Tau-1 antibody, Tau-2 antibody (Papasozomenos and Binder, 1987) showed that equivalent amounts of tau were expressed which specifically recognizes the dephosphorylated form of an epitope that encompasses Ser-199 and Serin control and small t transfected cells. Immunoblotting with small t antibodies verified that small t was ex-202 (Binder et al., 1985; Papasozomenos and Binder, 1987) , showed that this epitope was largely in a dephospressed in the transfected cells. Along with the immunofluorescence data (Figure 3 ), these results indicate that phorylated form. Coexpression of tau with small t dramatically altered tau localization and immunoreactivity.
small t caused the phosphorylation of multiple sites in tau including , and In the majority of cells that expressed small t, tau was present in a diffuse cytoplasmic pattern, consistent with Ser-404. Hyperphosphorylation of tau is associated with a shift dissociation of tau from microtubules. Loss of microtubule-bound tau was not due to disruption of the microtuin its electrophoretic mobility (Lee et al., 1991) . Consistent with increased phosphorylation, coexpressed small bule network, since intact microtubules were detected with anti-tubulin antibody. However, in contrast with t caused a decrease in the electrophoretic mobility of tau ( Figure 4B , lanes 1 and 2). A similar effect was observed cells transfected with tau alone, no microtubule bundles were visible in these cells. The Tau-1 antibody did not when tau-expressing cells were treated with the phosphatase inhibitor okadaic acid ( Figure 4B , lane 6). Furdetect tau in most cells expressing small t, indicating that dissociation of tau from microtubules coincided ther evidence for the involvement of PP2A in small t-induced phosphorylation of tau was obtained using with extensive phosphorylation of A striking increase in phosphorylation of the epitope small t mutants (Sontag et al., 1993) . Coexpression of a small t mutant that is deficient in binding to PP2A containing Ser-202 and Thr-205, recognized by the AT-8 Figure 3 , as well as with the tau antibody T3P, which specifically recognizes an epitope containing the phosphorylated form of Ser-396 (Lang et al., 1992; Bramblett et al., 1993) . Expression of small t was detected by immunoblotting with monoclonal pAb419 antibody (Sontag et al., 1993) show that hyperphosphorylation of tau is dependent on The pattern of tau localization observed in cells coexpressing small t suggested that tau was no longer asso- (Drubin and Kirschner, 1986; Lee and Rook, 1992) . Small ciated with microtubules ( Figure 3) . Therefore, binding t-induced dissociation of tau from microtubules should of tau to microtubules was examined by Western blot result in increased sensitivity to nocodazole. Therefore, analysis of soluble and cytoskeletal fractions prepared cells treated with 3.3 M nocodazole for 20 min were from control and small t-transfected cells. Figure 5A extracted with a detergent-containing buffer that preshows that tau was recovered in the insoluble cytoskeleserves microtubules, but completely solubilizes disastal fraction from control cells, but in the soluble fraction sembled tubulin (Sontag et al., 1995) . Anti-tubulin and from small t-expressing cells. Thus, small t-induced Tau-2 antibodies were used to stain the resulting cyhyperphosphorylation of tau correlates with dissociation toskeletons by immunofluorescence. Figure 5B shows from microtubules, consistent with previous reports inthat a large proportion of tau was associated with nocodicating that hyperphosphorylated tau does not bind to dazole-resistant microtubule bundles in cytoskeletons microtubules (Bramblett et al., 1993; Biernat et al., 1993) .
isolated from cells expressing tau alone. In contrast, The microtubule bundles that form as a result of excoexpression of small t with tau resulted in a complete pression of tau are more resistant than normal microloss of Tau-2 immunofluorescence and complete disassembly of microtubules. tubules to depolymerization induced by nocodazole Discussion tau. A decrease in PP2A activity has been observed in AD relative to normal brains (Gong et al., 1995) . Based on our results, a decrease in constitutive PP2A activity This report builds upon our finding that a substantial fraction of the cellular pool of PP2A is associated with could be involved in the production of overly phosphorylated forms of tau (see Figures 3-4) , leading to a loss of microtubules (Sontag et al., 1995) . The fact that PP2A and tau are colocalized on microtubules in neurons microtubule binding and reduced microtubule stability (see Figure 5) . A defect in PP2A, most likely with the prompted us to investigate whether the two proteins interact in a physiologically significant manner. As docuparticipation of additional cellular factors, could thus contribute to the induction or maintenance of hypermented here, we found that PP2A binds directly to tau and effectively dephosphorylates tau in vitro. Furtherphosphorylated tau found in AD PHFs. more, suppression of PP2A activity leads to hyperphosphorylation of expressed tau in cultured cells. Among
Experimental Procedures
the forms of PP2A that were assayed, heterotrimers (Sontag et al., 1995) , and it has much higher tau Kamibayashi et al., 1991 Kamibayashi et al., , 1994 and tubulin (Vallee and Bloom, 1983) ; pEn1234c for expression of human adult tau (Lee phosphatase activity than other forms of PP2A (Goedert and Rook); and pCMV5 or Rc/CMV expression vectors for small t et al., 1992; Figure 2) . A predominant role for PP2A in proteins (Sontag et al., 1993) .
the regulation of tau is also supported by studies showing that PP2A is the major brain phosphatase activity Protein Purification toward tau in vitro (Goedert et al., 1995c) , that tau is Previously published methods were used for purification of AB␣C, readily dephosphorylated by PP2A in postmortem brain ABЈC, AC, and C from bovine cardiac or brain tissue (Mumby et al., tissue (Matsuo et al., 1994) , and that PP2A can be coim-1985 Kamibayashi et al., 1991) and of recombinant A, B␣, munoprecipitated from rat brain microtubules using AB␣C, AB␤C, and small t expressed in insect SF9 cells (Kamibayashi et al., 1994) . The AC-small t complex was formed by incubation of anti-tau antibodies (Morishima-Kawashima and Kosik, 400 nM AC with 1.2 M small t for 30 min at 30ЊC (Yang et al., 1991) .
1996).
Tau was purified from heat stable bovine brain MAPs by gel filtration To investigate the possibility that PP2A functions as chromatography (Kim et al., 1979) . Recombinant human adult tau a tau phosphatase in vivo, we examined the behavior was purified as documented earlier (Brandt and Lee, 1993 
PP2A. Immunofluorescence and biochemical results in-
Purified forms of PP2A in storage buffer (25 mM Tris, 1 mM dithidicated that small t expression led to extensive PHFothreitol, 1 mM EDTA, 50% glycerol [pH 7.5]) were incubated for 15 min on ice with bovine brain tau, in a final volume of 5 l. After like phosphorylation of tau at  incubation, the samples were applied directly on precast 8%-25% Ser-396, and Ser-404 epitopes, and dissociation of the polyacrylamide gels and analyzed by native gel electrophoresis ushighly phosphorylated tau from microtubules. It is possiing the Pharmacia PhastSystem (Mumby et al., 1987; Kamibayashi ble that additional sites (Morishima-Kawashima et al., et al., 1991 , 1994 . Proteins were then transferred to nitrocellulose 1995), not examined in our experiments and associated for Western blotting with anti-C, anti-A, anti-B␣, or Tau-1 antibodies.
with decreased affinity of tau for microtubules (Biernat Immunoreactive proteins were detected by the ECL chemiluminescence method (Amersham). Bramblett et al., 1993) , also become hyperphosphorylated in small t-transfected cells. The effects , 1993) . This conclusion was supported by the then incubated for 4 min at 90ЊC, for 5 min on ice, and centrifuged observation that overexpression of either wild-type at 14,000 ϫ g for 5 min. Tau, present in the resulting supernatant, or dominant negative ERK2 had no effect on small incorporated ‫5ف‬ mol of phosphate/mol of protein, in agreement with a previous report (Scott et al., 1993) . 32 P-labeled tau (200 nM) was t-induced hyperphosphorylation of tau and did not afincubated for 5 min at 30ЊC with 40 nM of various forms of PP2A.
fect the distribution of tau observed by immunofluoresDephosphorylation was halted by addition of 3ϫ SDS sample buffer.
cence.
The samples were resolved on 12% SDS-polyacrylamide gels, and
Our results strongly suggest that the AB␣C form of 32 P incorporation into tau was quantitated using a phosphorimager PP2A directly regulates tau phosphorylation in vivo. A (Molecular Dynamics).
compelling body of evidence has indicated that PHFs, a pathological hallmark of AD, assemble in vivo from
Cell Culture and Transfection abnormally hyperphosphorylated forms of tau (reviewed CV-1 and NIH 3T3 cells were cultured in Dulbecco's modified Eagle's medium (GIBCO BRL) supplemented with 5% cosmic calf serum by Goedert, 1993) . Although the biochemical require-(HyClone), while the medium for NT2 cells (Stratagene) contained ments for PHF formation remain to be defined, it is 10% fetal bovine serum. Dishes (100 mm) were transfected with 20 widely believed that abnormal phosphorylation is a key g of DNA (5 g of pEn1234c and 15 g of plasmids for expression event in the transformation of normal tau into PHF-tau.
of small t proteins) and 50 g lipofectamine, following the instruc-A likely trigger for PHF formation, therefore, is a shift in tions of the manufacturer (GIBCO BRL). Under these conditions, the balance between the neuronal protein kinases and nearly all cells that were cotransfected with tau and small t expressed both proteins.
phosphatases that control the phosphorylation state of
